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The use of inductively coupled plasma mass spectrometry (ICP-MS) is proposed in order to study the etching of III-V substrates
at the sub nanometer level in diluted chemistries containing hydrochloric (HCl) or sulfuric acid (H2SO4). Based on the stability
and the matrix effects of the sample, an optimal concentration of 100 mM HCl or H2SO4 was suggested for the insertion into the
ICP-MS. The interferences originating from the acid matrices were effectively attenuated by the octopole reaction system (ORS)
when operated in He mode, allowing for the In, Ga and As analytes to be quantified at a single ppb level with an accuracy of ±5% and
a precision better than 5%. The presented detection limit, background equivalent concentration (BEC), spike recovery and stability
data demonstrated that the ICP-MS technique could be used for determining the dissolved In, Ga and As analytes in a concentration
range corresponding to the amount present in a sub nanometer layer.
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The successful downscaling of integrated circuit dimensions is
driven by Moore’s law and has yielded higher transistor densities,
improved performance and faster devices over the past decades.
Looking at future research and development targets defined by the
ITRS roadmap,1 there are several challenges for the next generation
of complementary-metal-oxide-semiconductor (CMOS) technology
nodes. One of the difficulties is imposed by the intrinsic carrier mo-
bility of silicon, which is becoming the limiting factor in the con-
tinuing trend of reducing the gate length and increasing performance
of silicon based transistors. A promising solution to overcome the
intrinsic mobility issue of silicon is the integration of new materi-
als, with higher intrinsic carrier mobility, on to a silicon substrate.
III-V compounds (e.g. InP, InGaAs, GaAs) have considerably higher
electron mobility and hence are possible candidates as channel ma-
terial in future devices.2 These high-mobility channel materials can
be integrated on silicon carrier wafers inside narrow trenches using
selective area epitaxial (EPI) growth.3,4 A possible integration route
of a III-V transistor using InP buffer and InGaAs channel layers in a
planar device is described elsewhere.5
In general, the manufacturing of transistors consists of a multitude
of processing steps of which many are exposing the materials to
chemical solutions.5 The goal of these wet treatments is to prepare the
surface for subsequent processing steps by cleaning and/or etching.
Acidic solutions are often used because of their efficiency to remove
metallic contamination from the surface. However, in the case of III-V
processing schemes such wet treatments are challenging since special
care should be taken toward Environmental, Safety and Health (ESH)
issues. In particular, the possible formation of highly toxic hydrides
during wet processing of III-V compound semiconductors6 must be
addressed. Due to the ever decreasing size of transistor dimensions, the
recent focus has been on maintaining surface stoichiometry, limiting
surface roughening and substrate loss, and etching selectivity for III-V
wet chemical cleaning applications.7
Sioncke et al.8 determined etch rates for Ge, GaAs and InGaAs
by a differential weighing method. This approach, however, has some
constraints toward detection limits, sampling location and lack of sto-
ichiometric information. To overcome these constraints, Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) has been introduced
as an alternative analytical technique. This is a very sensitive multi
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element analysis technique for determining trace elements in liquid
samples and therefore very well suited to determine the concentration
of III-V elements dissolved in cleaning or etching chemistries.
Cuypers and van Dorp, have studied the wet-chemical etching
mechanisms of InP5,9 and InGaAs10 in acidic peroxide solutions.
These etch rates were established by determining the total dis-
solved amount of In, Ga and As with ICP-MS down to a level of
1 × 10−6 g L−1. This lower method detection limit allows to deter-
mine the loss of III-V materials in a range of 0.1–10 nanometer per
minute per cm2 of the exposed surface.
In this paper, ICP-MS was evaluated with respect to the applica-
bility as analytical technique for the study of III-V substrate etch-
ing at sub-nanometer level with diluted chemistries of hydrochlo-
ric acid (HCl) or sulfuric acid (H2SO4) or in mixtures of one of
these acids with diluted hydrogen peroxide (H2O2). In literature,11,12
the different ICP-MS spectral and non-spectral interference effects
have been reported along with possible techniques to reduce them,
such as arithmetic correction strategies, cold plasma techniques and
high-resolution spectrometers.13 In addition, collision/reaction cell
technologies14,15 have been proven to be successful in removing many
of the interfering polyatomic species, which arise from combinations
of ions originating from the plasma and or the sample matrix.16 In
this study, the collision/reaction cell technology was applied to re-
duce the polyatomic species, which originated from the evaluated
acidic-peroxide etching chemistries.
Experimental
Instrumentation.— Central in this work is the Agilent 7500cs ICP-
MS instrument. The instrument consists of 1) an inert kit consisting
of a micro-flow (100 μL/min) nebulizer and spray chamber made
of perfluoroalkoxy (PFA), and a quartz torch fitted with a platinum
injector 2) an Agilent ShieldTorch interface 3) platinum cones 4)
an octopole reaction system (ORS), which is an octopole ion guide
enclosed in a collision/reaction cell that can be pressurized with helium
or hydrogen gas to eliminate spectral interferences.
Procedure.— Essential in this instrument are the different ORS
operating conditions that can be set. The normal ORS operation, fur-
ther referred to as the nogas mode, and the gas pressurized operation,
where either He or H2 gas are being introduced in the ORS at differ-
ent flow rates. These pressurized conditions are further referred to as
He, He-low or H2 mode. These operating conditions, used throughout
this work for the calibration and the measurement of the samples,
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Table I. ICP-MS (7500 cs) operating conditions for different
analysis modes.
ICP-MS H2 He He-low Nogas
parameters mode mode mode mode
RF power (W) 1500 1500 1500 1500
Sampling depth (mm) 7.8 7.8 7.8 7.8
Carrier gas (L/min) 0.74 0.74 0.74 0.74
Makeup gas (L/min) 0.30 0.30 0.30 0.30
ORS cell gas flow (mL/min) 6.0 5.0 2.0 –
Extraction lens 1 (V) 3.2 3.2 3.2 3.2
Extraction lens 2 (V) −100 −100 −100 −100
Spray chamber temperature (◦C) 2 2 2 2
are summarized in Table I. To assess the influence of the sample
matrix on the formation of polyatomic interferences in the argon
plasma, a series of acid-peroxide solutions was prepared by spiking
50 mM H2O2 with increasing concentrations of either HCl or H2SO4
in a concentration range of 0.01 mM to 3 M and 10 mM to 1 M,
respectively. These solutions were measured in the above mentioned
ICP-MS operating conditions in order to assess both the presence of
the potentially formed interferences and the suppression of these in-
terferences by the cell gas condition in the ORS. For each operating
condition, an external calibration curve was constructed and used to
determine the concentrations of the analytes in the samples. The ICP-
MS calibration standards were prepared volumetrically from 1000 mg
L−1 CRM single element standard solutions (Merck CertiPUR) of
gallium, arsenic and indium. The final standard concentrations used
to calibrate the instrument were 0.1, 0.5, 1, 5, 10, 20, 50 and 100
× 10−6 g L−1. The maximum concentration of this calibration range
was set at 100 × 10−6 g L−1 to minimize the memory effects and to
limit the detector wear. The calibration standards were spiked in either
a matrix of 100 mM HCl or of 100 mM H2SO4. High purity deionised
water (≥18 M ohm) and ultra pure HCl, H2SO4 and H2O2 (SPC Sci-
ence, Plasma PURE Plus grade) solutions were used throughout the
ICP-MS sample preparation. All sample preparations as well as the
etching experiments were carried out in a clean-room environment
under a laminar flow wet bench. Prior to the experiments, all recip-
ients and disposable pipette tips were soaked in 5% aqueous HNO3
(KMG, ULSI grade) overnight. These cleaned materials were rinsed
with deionised water and blow dried with N2 before use.
Etch rate and stoichiometry.— The wafer etching experiments are
being done in a dedicated polyvinylidene fluoride (PVDF) etching
cell as illustrated schematically in Figure 1. A Kalrez O-ring is used
to expose 14.5 cm2 of the polished surface to the etching solution,
preventing the defective back side and wafer edges from contributing
to the analyte concentration. After exposing the III-V substrate to an
etchant volume of 0.1 L, the solution is withdrawn from the cell and,
either HCl or H2SO4 is added to the final sample dilution in order to
obtain a fixed acid concentration of 100 mM. The amount of etched
III-V material present in the final sample solution is determined by the
ICP-MS, which is operated in the recommended settings. If the analyte
concentration exceeds the higher end of the ICP-MS calibration range,
the solution is further diluted to obtain a final analyte concentration
situated within a concentration range of 1 to 100 × 10−6 g L−1.
When taking the etch time into account, the etch rate can be defined
for each of the composing elements according equation 1:
vetch elementi =
Ci .V
A.t
[1]
where vetch element i (g cm−2s−1) is the etch rate of the specific substrate
element under investigation within an area of one cm2, ci (g L−1) is
the concentration of the substrate element measured by the ICP-MS,
V (L) is the volume of the etch solution used during etching of the
Figure 1. Etching cell made of PVDF with a Kalrez O-ring used to contain
the solution in an area of 14.5 cm2. The diameter of the exposed sample area
is 4.3 cm.
substrate, A (cm2) is the substrate area exposed to the etch solution
and t (s) is the etch time. The defined elemental etch rate can be used
to define the thickness of the etched substrate layer in function of
time by taking into account, the density of the substrate and the mass
fraction of the element in the investigated substrate.
The stoichiometry, of e.g. InGaAs, can be determined by convert-
ing the ICP-MS concentration of each analyte to an absolute amount
removed (g). The mass fraction can then define the stoichiometry of
this analyzed compound.
Results and Discussion
In the following sections, the ICP-MS analysis method develop-
ment for the determination of In, Ga and As in HCl and H2SO4 ma-
trices is discussed. The interferences and matrix effects are addressed
and a recommended method is proposed.
ICP-MS interferences: general.— In the case of HCl containing
etching solutions; polyatomic ions can arise from combinations be-
tween Ar, Cl, O, and H ions. For H2SO4 based chemistries; Ar, S,
O and H ions are considered as possible sources of polyatomic in-
terference in the mass region of the analyte ions. Table II shows an
overview of potentially formed polyatomic ions with m/z interfering
with m/z of the respective analyte isotopes: 69Ga+, 71Ga+, 75As+,
113In+ and 115In+. The dimer, trimer and tetramer ions are ranked
according descending product abundances.
ICP-MS interferences: Hydrochloric acid.— In Figure 2, the back-
ground equivalent concentration (BEC) for m/z 71 and 75 measured
in nogas mode is plotted as a function of the HCl molar concentration
in the blank sample matrix (results for m/z 69 were comparable to
those of m/z 71 and are not further discussed in this paper). It can
be concluded from this graph that the contribution of polyatomic ions
on the BEC increases logarithmically above 1 and 100 mM HCl for
m/z 75 and 71 respectively. For the In analyte with isotopes at m/z
113 and 115, the BEC was not significantly high over the whole acid
concentration range (results not shown). When the HCl concentration
in the blank sample matrix was lowered below 10 mM, the ICP-MS
background concentration became negligible for all of the investigated
nominal masses. This suggests that the III-V elements, dissolved in
<10 mM HCl, can be measured with detection limits <1 × 10−7 g
L−1. However, repeated measurements of the same sample solution
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Table II. Potentially formed polyatomic ions interfering with analyte isotopes reported in literature: the dimer, trimer and tetramer ions are
ranked according descending product abundances.
Analyte isotopes Polyatomic ions derived from Ar-plasma and Cl or S components
69Ga 36Ar33S,33S36S, 37Cl16O2, 35Cl16O18O, 34S2H, 36S16O17O, 35Cl17O2, 34S17O18O 33S18O2, 32S18O2H
71Ga 36Ar35Cl, 38Ar33S, 35Cl2H, 37Cl16O18O, 35Cl18O2, 37Cl17O2, 36S17O18O, 34S18O2H
75 As 40Ar 35Cl, 38Ar37Cl, 40Ar34SH, 37Cl2H, 36Ar38ArH
113In, 115In Non reported
Figure 2. Background equivalent concentrations for m/z 71 and 75 measured
in Nogas mode plotted as a function of the HCl molar concentration in the
blank sample matrix.
Figure 3. Effect of different He and H2 cell gas modes in report to Nogas
mode on the reduction of the polyatomic interference at m/z 75. Apparent
concentrations measured in blank samples with increasing HCl concentrations.
over time show that III-V compound elements are not stable at these
low acid concentrations. To reach a stability criterion of 5% or bet-
ter, the HCl concentration of these chemistries had to be increased
to 100 mM, immediately after the solution was withdrawn from the
etching cell. In a 100 mM HCl concentration, an increased apparent
concentration of As analyte and, to a lesser extent, of Ga analyte are
measured in nogas operating condition. This leads to the conclusion
that, pressurized operating conditions need to be used to analyze ei-
ther Ga or As in a matrix containing ≥100 mM HCl. Figure 3 shows
the gradual reduction of the polyatomic interference at m/z 75 when
the ORS was pressurized with 2 and 5 mL min−1 of He gas flow for
He-low and He operating conditions, respectively. It is clear that the
polyatomic interferences are not attenuated in the He-low mode to a
degree sufficient to allow accurate quantification of 75As at a lower
level of 1 × 10−6 g L−1. It is demonstrated that a H2, reaction gas,
is able to effectively reduce the interference at m/z 75 in an HCl ma-
trix by almost three orders of magnitude for an HCl concentration
of 100 mM relative to the unpressurized condition. The H2 operation
mode is a slightly better condition to measure 75As than the He mode,
with a lower BEC value and a higher signal to noise ratio. Although
the background concentration at m/z 75 is below the required lower
limit in He and H2 mode, it is not sufficiently decreased to analyze
HCl concentrations above 100 mM. Hence, the cleaning or etching
samples with an initial concentration above 100 mM were diluted
to obtain a final concentration of 100 mM of HCl before submitting
them for ICP-MS analysis. In summary, regardless of the initial HCl
concentration of the etching and cleaning solutions used, each of the
cleaning or etching samples that were submitted for ICP-MS analysis,
were adjusted (i.e. diluted or additionally spiked with concentrated
HCl) to obtain a fixed HCl concentration of 100 mM.
ICP-MS interferences: Sulfuric acid.— In the case of the chemistry
solutions containing different concentrations of H2SO4, none of the
targeted isotope masses suffered from any significant polyatomic in-
terference effects, as indicated by low BEC values (<5 × 10−8 g L−1)
obtained in the nogas mode. However, the recovery of In, Ga and
As analytes spiked at a concentration of 1 × 10−6 g L−1 in different
solutions with increasing concentrations of H2SO4, demonstrated that
the instrument response for 75As was influenced by the acid concen-
tration gradient (Figure 4). A possible explanation could be that the
first ionization potential of As, being higher than the ones of Ga and
In, is more sensitive for the matrix effect caused by the H2SO4 con-
centration, thereby influencing aerosol sample formation and plasma
Figure 4. Recovery of In-Ga-As analytes spiked at a concentration of one
μg L−1 in different solutions with increasing concentrations of H2SO4.
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Table III. Typical IDL and BEC values obtained in 100 mM HCl
and 100 mM H2SO4 matrices.
HCl matrix H2SO4 matrix
Analyte Analysis IDL BEC IDL BEC
isotope mode 10−9 g L−1 10−9 g L−1 10−9 g L−1 10−9 g L−1
71Ga He 2 ± 1 4 ± 5 2 ± 2 4 ± 2
75As He 22 ± 4 24 ± 1 14 ± 14 9 ± 2
115In H2 2 ± 1 5 ± 4 1.0 ± 0.1 4 ± 1
ionization.16 With an acid concentration of 100 mM H2SO4, the spiked
amount matched the nominal concentration. This is related to the fact
that the sample matrix was matched with the ICP-MS calibration
matrix containing 100 mM H2SO4. To obtain accurate results, the
H2SO4 concentration in each of the etching samples were accordingly
adjusted to a final concentration of 100 mM H2SO4.
Recommended analysis method and performance.— As a result of
the interference evaluations, a recommended ICP-MS method for the
determination of In, Ga and As elements in cleaning or etching solu-
tions containing either HCl or H2SO4 is proposed. This method allows
the effective removal of chlorine interferences and of the sulfur-based
matrix effect. First, the matrix (HCl or H2SO4) concentration of the
samples submitted for ICP-MS analysis are adjusted (i.e. diluted or
additionally spiked with the acid in question) to a final concentra-
tion of 100 mM prior to the analysis. Prior to sample analysis, the
instrument count rates for the In, Ga and As isotopes are optimized.
Next, the instrument is operated in a sequential multi-mode acquisi-
tion whereby each of the calibration and sample vials are measured,
first with H2 then with He-mode operating conditions. Calibration
curves are constructed for 71Ga and 115In from the count rates in
He-mode and additionally for, 75As from the count rates in H2-mode
recorded for each of the analyzed calibration standards and three cal-
ibration blanks. The samples measured, are then quantified using the
constructed calibration curves and are corrected for dilution so that
the stoichiometry or etch rate can be calculated.
The performance of the recommended method was evaluated. The
instrument detection limit (IDL) and the BEC values for each of
the elements was measured and the precision and accuracy of the
measurement was determined for each acid matrix.
The IDL was calculated by using three times the standard deviation
on the raw counts of the blank matrix (n = 3) divided by the slope
of the calibration curve. Both the IDL and the BEC values are shown
in Table III. The order of magnitude of both performance parameters
Figure 6. Concentration of In, Ga and As analytes determined by ICP-MS
after a 10 minutes etching of InGaAs substrate in 50 mM H2O2/10 mM
HCl. The etchant was diluted 100 times prior to ICP-MS analysis and the
concentrations are shown as such. The error bars are 95% confidence intervals.
are comparable between the 100 mM HCl and the 100 mM H2SO4
matrix.
The accuracy of the measurement was established through spike
recovery experiments. The experiments were done by spiking In, Ga
and As certified standard solutions in both 100 mM HCl and 100 mM
H2SO4 matrices, in a concentration range covering four orders of
magnitude from 1 × 10−4 down to 1 × 10−7 g L−1. The accuracy was
found to be good, with consistent recoveries of 100 ± 5% obtained
in both the HCl and the H2SO4 matrix within a concentration range
of 1 to 100 × 10−6 g L−1. The recoveries in HCl matrix are shown in
Figure 5a and the recoveries in H2SO4 matrix are shown in Figure 5b.
The measurement precision was evaluated through replicate mea-
surements of the 1 × 10−6 g L−1 spiked acid matrices. The relative
standard deviation (RSD) of the replicates (n = 10) measured over a
time period of one and a half hours were 1.7%, 1.8% and 1.5% for In,
Ga and As respectively in the HCl matrix while for the H2SO4 matrix
the RSD values were 2.6%, 2.1% and 3.3% respectively.
Etching experiments.— The repeatability of the whole etching pro-
cedure was assessed through a sequential etching of the same InGaAs
wafer. The InGaAs sample was etched four times with an etching
chemistry of 50 mM H2O2/10 mM HCl for ten minutes. The results
are displayed in Figure 6 with error bars indicating the 95% confidence
intervals.
Figure 5. Recovery of In, Ga and As standards spiked in a concentrations range covering four orders of magnitude in HCl matrix (left) and H2SO4 matrix (right).
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Figure 7. Apparent ICP-MS concentrations of an InGaAs substrate layer cov-
ering an area of one cm2 dissolved in a volume of 0.01 L. Red dashed line
represents the ICP-MS lower method detection limit required for detection of
sub nanometer layer etching.
To prove the applicability of the analysis method for detection of
sub nanometer layer etching, the following calculation was made. By
dissolving a total thickness of 0.29 nm of an e.g. InGaAs substrate
layer (thickness corresponding to the unit cell) that covers an area of
one cm2 in a volume of 0.01 L, the expected concentration of In, Ga
and As analytes would be respectively 5.7, 3.1 and 7.1 × 10−6 g L−1;
when a material density of 5.5 g/cm3 and a molar elemental ratio of
In0.53Ga0.47As1 were considered (Figure 7). The lower method detec-
tion limit of 1 × 10−6 g L−1 for the above reported method perfor-
mance parameters, demonstrates the ability of accurate detection of
sub-nanometer layers. In practice, the exposed substrate area, etching
time and the dissolution volume, are three parameters which can be
varied. By increasing the exposed surface area or the etching time
and by lowering the dissolution volume, detection of material loss at
Angstrom level is readily accessible by ICP-MS analysis.
Conclusions
ICP-MS was evaluated as an analytical tool to study the etching
and cleaning of III-V materials at the sub nanometer scale in diluted
chemistries containing hydrochloric or sulfuric acid. The investigated
chemistries, as being used for etching or cleaning of III-V materials,
will have to be adjusted in order to attain a final acid concentration
of 100 mM HCl or H2SO4 before submitting them for ICP-MS anal-
ysis. This modification was needed on the one hand, to prevent that
the analytes became instable in case of an HCl concentration below
10 mM and on the other hand to allow for an accurate quantification
of the analytes through the matrix matched calibration curve, which
was also made in a 100 mM matrix of the same acid. The presence
of polyatomic ions interfering at m/z 71 and 75 was demonstrated by
the measurements performed in the nogas operating condition and the
reduction of these species was evaluated in the gas pressurized condi-
tions. The interfering ion clusters, originating from the acid matrices,
were effectively attenuated by the ORS system when operated in He
mode, allowing for the In, Ga and As analytes to be quantified at a
single ppb level with an accuracy of ± 5% and a precision better than
5%. The presented detection limit, BEC, spike recovery and stabil-
ity data demonstrated that the ICP-MS technique could be used for
determining the dissolved In, Ga and As analytes in a concentration
range corresponding to the amount present in a sub nanometer layer,
hence allowing the study of sub-nanometer etching of III-V substrates
comprising one or more of the latter elements.
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